Background: Current therapy for crotaline snakebite includes antivenin (Crotalidae) polyvalent, an antivenom with numerous adverse effects. We compared the efficacy and safety of 2 dosing regimens with a new antivenom, Crotalinae polyvalent immune Fab (Fab AV).
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There are approximately 6 deaths per year from snakebite. 2 In addition, 15% to 40% of patients develop long-term sequelae of envenomation ranging from minor limb disfigurement to death. 3 In the United States, rattlesnakes, water moccasins, and copperhead snakes cause nearly all medically important snakebites. Currently, the therapy for snakebite is limited to general supportive care of local tissue injury, coagulopathy, and hypotension as well as the administration of antivenom to selected patients. The only antivenom available in the United States is antivenin (Crotalidae) polyvalent (Wyeth-Ayerst Laboratories, Philadelphia, Pa), a hyperimmune horse serum product that neutralizes many components of crotaline snake venom. Although effective, its use has been limited by the frequency of adverse effects. Acute reactions occur in 20% to 25% of patients; the severity of reaction ranges from minor rashes to life-threatening anaphylaxis. [4] [5] [6] Death caused by overwhelming acute bronchospasm and hypotension has occurred. Equally troublesome is the frequent occurrence of serum sickness, a delayed type III hypersensitivity reaction that occurs in 50% to 75% of patients treated with the Wyeth-Ayerst Laboratories product. 4, 7 Serum sickness may cause fever, diffuse rash, intense urticaria, arthralgia, hematuria, and constitutional symptoms that persist for several days and often prevent normal activities unless treated with antihistamines and systemic administration of corticosteroids.
A new medication has been developed for the treatment of crotaline snakebite. Crotalinae polyvalent immune Fab (ovine) (Therapeutic Antibodies Inc, Nashville, Tenn) is produced in a manner simi-
ORIGINAL INVESTIGATION
The affiliations of the authors appear in the acknowledgment section at the end of the article. lar to digoxin immune Fab (Digibind; Glaxo Wellcome Inc, Research Triangle Park, NC). Individual flocks of sheep are immunized with 1 of 4 crotaline venoms (Western diamondback, Eastern diamondback, and Mojave rattlesnakes and the cottonmouth). The immune serum from each flock is digested with papain to produce antibody fragments (Fab), which are then purified by chromatographic methods to remove the immunogenic Fc portion of the antibody and the nonneutralizing components of ovine serum. The 4 monospecific antivenoms thereby produced are combined to form the final antivenom product. The new antivenom averaged 5.2 times (range, 3.0-11.7 times) more potent than antivenin (Crotalidae) polyvalent on the basis of weight in a mouse lethality model. 8 A prospective open-label trial of the new antivenom in 11 patients found that all patients improved after treatment and no acute or delayed allergic reactions occurred. 9 However, progression of limb swelling was found in 3 patients, with time of onset ranging from 6 to 19 hours. To suppress local recurrence, an improved dosing schedule was devised. The purpose of this study was to compare the efficacy and safety of Crotalinae polyvalent immune Fab (Fab AV) with the use of 2 dosing regimens. We believe this to be the first randomized trial of antivenom in North America.
RESULTS
There were 31 patients enrolled ( Figure) . No patients were excluded or dropped from the study. The study groups were similar in age, weight, sex and racial composition, initial severity score, range of severity scores, and the amount of Fab AV required to achieve initial control of the envenomation (Table 1) . Progression of local swelling was present in all patients before treatment.
PATIENTS AND METHODS

PATIENTS
Inclusion criteria were (1) minimal or moderate envenomation (defined herein) by a North American crotaline snake within the 6 hours preceding administration of the study drug, (2) age 10 years or older, and (3) progression of the envenomation syndrome. Progression was defined as worsening under direct observation of an evaluation measure used in grading the envenomation: local injury, coagulation abnormality, or systemic symptoms or signs. Minimal envenomation was defined as swelling, pain, and ecchymosis limited to the immediate bite site; no systemic symptoms and signs; and normal coagulation measures with no clinical evidence of bleeding. Moderate envenomation was defined as swelling, pain, and ecchymosis involving less than 1 extremity (if on the trunk, head, or neck, extending less than 50 cm); systemic symptoms and signs may be present but not life-threatening (may include but are not limited to nausea, vomiting, oral paresthesia or unusual tastes, mild hypotension [systolic blood pressure Ͼ90 mm Hg], mild tachycardia [heart rate Ͻ150 beats per minute], and tachypnea); and coagulation measures may be abnormal, but without clinical evidence of bleeding (minor hematuria, gum bleeding, and nosebleeds are allowed if not deemed severe by the investigator).
Exclusion criteria were (1) lack of progression of the envenomation, (2) severe venom poisoning (swelling, pain, and ecchymosis involving more than an entire extremity or threatening the airway; markedly abnormal systemic symptoms and signs, including severe alteration of mental status, severe hypotension, severe tachycardia, tachypnea, or respiratory insufficiency; and abnormal coagulation measures with serious bleeding or severe threat of bleeding), (3) bite by the copperhead snake (Agkistrodon contortrix), (4) infusion of more than 1 vial of antivenin (Crotalidae) polyvalent before enrollment, (5) history of hypersensitivity to a sheep-derived product, (6) use of corticosteroids or any experimental medication in the 4 weeks preceding study enrollment, (7) pregnancy or lactation, (8) previous enrollment in the study, (9) inability to give informed consent, or (10) the presence of any disease that would interfere with patient examination.
STUDY DESIGN
This study was a prospective, randomized, controlled, openlabel comparative trial (Figure) performed at 7 sites ( Table 1) . The study was performed between June 11, 1994 , and November 1, 1996. Written informed consent was obtained and the study was approved by the institutional review board at each site. After enrollment and standardized initial assessment (history, physical examination, and laboratory tests), each patient received an intravenous dose of 6 or 12 vials of Fab AV to achieve initial control. Initial control of the envenomation syndrome was prospectively defined as cessation of progression of all components of envenomation: local effects, systemic effects, and coagulopathy. This included complete termination of swelling progression and complete reversal of systemic effects. Coagulopathy had to return to normal or near-normal values. Because the study was not blinded, patients were randomized to a treatment group only after initial control was achieved to distribute evenly any bias in the investigator's assessment of when initial control had been achieved. Randomization was assigned individually by means of a predetermined randomization procedure administered by a central call center.
Treatment with Fab AV was administered in 2 phases. First, a dose of 6 vials was administered to obtain initial control. If necessary, a second dose of 6 vials was allowed to achieve initial control. If initial control could not be achieved with 12 vials of Fab AV and within 6 hours of initial treatment, treatment was deemed to have failed.
After initial control was achieved, patients were randomized to the as-needed (PRN) or scheduled group for the second phase. The second phase involved clinical monitoring for progression or resolution of venom effect. Patients in the PRN group received no further Fab AV unless the investigator detected progression of one of the signs of envenomation: local effects, systemic effects, or coagulopathy. Additional Fab AV could then be administered without limit in 2-vial increments. Patients in the scheduled 
EFFICACY EVALUATION
All patients were included in the efficacy evaluation. Initial control of the envenomation syndrome was achieved in all patients. The mean total severity score began to decrease on the infusion of Fab AV in all patients and continued to decrease in both groups through the evaluation period ( Table 2 ). The mean severity score of the 31 patients decreased from 4.35 to 2.39 points (PϽ.001); there was no statistical difference between the scheduled and PRN groups. The decrease in the severity of illness after Fab AV infusion, as represented by the severity score, was composed entirely of reductions in the coagulation, central nervous system, gastrointestinal tract, cardiac, and pulmonary components (data not shown). The local wound component did not decrease or increase after treatment. There were also no differences in the individual component scores between the PRN and scheduled groups. At the follow-up visits, local venom effects were described as improved throughout the study period.
Investigators also categorized the time needed to reconstitute Fab AV into 4 categories (0-10, Ͼ10-20, Ͼ20-30, or Ͼ30 minutes). Overall, for 27 of the patients, 6 (22%) took 0 to 10 minutes for reconstitution, 13 (48%) took greater than 10 to 20 minutes, and 8 (30%) took greater than 20 to 30 minutes; the time was not recorded for 4 patients.
RECURRENCE PHENOMENON
Recurrence was defined as the return of any venom effect after that abnormality had resolved. Thus, return of progression of swelling after its initial arrest had been documented was described as a local recurrence, while return of thrombocytopenia, hypofibrinogenemia, progroup received 2 vials of Fab AV every 6 hours for a total of 3 doses (18 hours) and could receive additional doses if the investigator detected worsening of the envenomation. The severity score was determined at 1, 6, and 12 hours after the establishment of initial control. Swelling measurements were performed every 2 hours from 6 to 12 hours and then every 12 hours until 36 hours after initial control. Safety evaluations, including laboratory tests, were performed at 1, 2, 6, 12, 24, and 96 hours and at 14 days. All patients were discharged within 36 hours.
STUDY DRUG
Each vial of lyophilized Crotalinae polyvalent immune Fab (ovine) contained 750 mg of Fab and sodium phosphate buffer. The Fab preparation has been described previously. 8 Each vial was prepared for infusion by reconstitution in 10 mL of sterile water. The initial dose of 6 vials was diluted in normal saline to a final volume of 250 mL and infused during 60 minutes. Two-vial doses were administered during 30 to 60 minutes.
EVALUATIONS AND DEFINITIONS
To assess efficacy, each patient was examined at baseline, on achievement of initial control, and at 1, 6, and 12 hours after initial control was achieved. Initial control was defined as the cessation of worsening of all evaluation measures as assessed by the investigator. The primary assessment tool was the snakebite severity score, a previously tested measure that quantifies the clinical effects of venom. 10 A secondary measure, the investigator's clinical assessment, was used to confirm the severity score and ascertain its clinical relevance. To perform each assessment, the investigator assigned the patient's response to 1 of 4 categories: (1) clinical response: pretreatment signs and symptoms associated with the bite improved or progression was arrested after treatment with antivenom; (2) partial response: pretreatment signs and symptoms associated with the bite site worsened, but at a slower rate than anticipated; (3) clinical nonresponse: the patient's condition was not favorably affected by the administration of study drug; or (4) not evaluable.
Evaluations for acute hypersensitivity reactions were performed by the investigator at baseline, during study drug administration, and 1, 2, 6, and 12 hours after initial control. An acute reaction was defined broadly as any apparent adverse response that occurred during or within 2 hours of Fab AV infusion. Evaluations for delayed hypersensitivity reactions (serum sickness) were performed at 2, 4, 7, and 14 days after discharge from the hospital. Delayed reactions were defined as any adverse event involving 1 of the following: cutaneous eruption, arthralgia, gastrointestinal tract complaints, or lymphadenopathy occurring more than 24 hours after antivenom administration. In addition, each patient completed a diary for recording of symptoms that occurred between visits.
STATISTICAL ANALYSIS
Sample size calculations were calculated using data from a pilot study. 9 A sample size of 28 patients was calculated to achieve 80% power to detect a severity score difference of 1.0 point between groups, assuming an ␣ level of .05 and using 2-sided independent-group t test. A 5% dropout rate was postulated, producing a planned study size of 30 patients.
The primary assessment of efficacy was the snakebite severity score. 10 Efficacy was defined as a stable or decreasing severity score during the 12-hour evaluation period after establishment of initial control. Because of the discrete nature of the data, severity scores were compared nonparametrically over time by means of the Friedman test. Severity scores between the 2 dosing regimens were compared at each time point by means of the 2-sided Mann-Whitney test. The 6 components of the severity score were also compared over time by the Friedman test. Statistical significance was defined as a probability less than 5% (PϽ.05). All tests were performed with commercially available statistical software (Arcus Quickstat Biomedical Version 6.2; Longman Software, Cambridge, England). The proportion of patients in each regimen who developed local swelling or coagulopathy recurrence was compared by Fisher exact test. The total number of vials used in each dosing regimen was compared by a 2-tailed unpaired t test. Safety was assessed by means of descriptive statistics and individual case analysis and review. longation of prothrombin time, or elevation of levels of fibrin split products was described as a coagulopathy recurrence. The issue of coagulopathy has been addressed in detail previously.
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The planned dose of Fab AV in the scheduled group was a total of 12 to 18 vials (6 or 12 vials for initial control and then 2 vials every 6 hours for 3 doses). The dose in the PRN group was 6 to 12 vials with no planned doses after initial control. As a safety precaution, the protocol allowed the investigator to administer additional "rescue" doses of Fab AV to patients in either group if clinically needed. No patient in the scheduled group received additional Fab AV, while 8 patients (50%) in the PRN group received additional doses for recurrence of local wound progression during the first 12 hours (P=.002; Table 3 ). Despite the use of different dosing regimens, the total amount of study drug administered was not statistically different between groups: a mean (± SD) total of 13.0±3.9 vials was used in the scheduled group, while 11.1±4.5 vials were used in the PRN group. Each episode of local recurrence was successfully terminated with 2 additional vials of Fab AV. There were no recurrences of local effects after discharge from the hospital.
SAFETY EVALUATION
Six patients (19%) developed an acute reaction during Fab AV infusion; 3 occurred in each study group ( Table 4) . As categorized by the investigator, there were 4 mild cases of transient urticaria. There were 2 moderate cases: 1 in a patient who developed wheezing and dyspnea and 1 in a patient who developed cough and urticaria. Two patients received no treatment, and all other patients responded promptly to treatment.
Five patients did not return for the 14-day visit. Of the remaining 26 patients, 6 (23%) developed serum sickness ( Table 5) . Two cases were rated as mild, 2 were moderate, and 2 were severe. The worst case of serum sickness involved diffuse hives and urticaria, which was treated successfully on an outpatient basis with antihistamines and a short course of prednisone. There were no reported sequelae of serum sickness at the 28-day follow-up visit. Notably, the first 5 patients who developed serum sickness were treated with a batch of Fab AV that was later found to contain excess Fc fragments retained from a flawed step in the manufacturing process. A new purification step was introduced, and only 1 (6%) of the subsequent 16 patients developed serum sickness. In contrast, the rate of acute reactions was similar among batches of Fab AV.
The Fab AV was administered concomitantly with opioid, minor analgesic, antiemetic, and anxiolytic medications in nearly all patients (90%). No drug-drug or drug-disease interactions were reported. Preexisting patient conditions included hypertension in 3 patients, hypothyroidism in 2 patients, and renal insufficiency, diabetes, congestive heart failure and hypertension in 1 pa- tient. A total of 3 patients with a history of asthma were enrolled; 2 developed an early reaction during Fab AV infusion.
COMMENT
Crotaline snakebite is a dynamic disease process. By definition, a crotaline envenomation begins with minimal clinical effects (fang marks and perhaps localized pain and swelling). In many cases, however, the initial minimal injury worsens to threaten limb or life. Every envenomation that is destined to become severe must therefore progress through the grades of minimal and moderate. In untreated cases, death has occurred within hours from shock and multiple-organ injury. Conversely, the venom effects may worsen in an indolent manner during many hours or may fail to worsen at all, if no venom was actually injected (the "dry bite"). The variable nature of venomous snakebite renders clinical evaluation difficult. If therapy is applied to a bite that is not destined to worsen, it may erroneously appear to be an effective treatment, while a massive envenomation could overwhelm all forms of therapy, causing an otherwise effective therapy to appear ineffective.
To address these difficulties, we used a comparative trial design with inclusion criteria designed to maximize the probability that the patient had suffered a clinically important envenomation. Patients were enrolled within 6 hours of envenomation, while they still had minimal or moderate grade envenomations and evidence of clinical worsening at the time of antivenom administration. Patients with severe envenomation were excluded because extensive injury may obscure antivenom effect. For example, if the maximal amount of swelling has already occurred, then the antivenom would be expected to have minimal clinical effect.
The primary limitation of this study is the open label design. We attempted to minimize this effect by using a randomized design and a validated severity score with specific definitions to limit and distribute investigator bias. However, the potential bias of open-label studies may manifest in forms for which we could not compensate. Another limitation is the exclusion of patients with severe envenomation, which was desired by the regulatory agency. While an antivenom effective in less severe cases would also be expected to be useful in severe envenomations, further evaluation in this patient group is needed.
Crotalinae polyvalent immune Fab (ovine) successfully achieved initial control of the envenomation syndrome in all study patients, and both groups continued to improve during the 12-hour evaluation period. As judged by the snakebite severity score, the 2 treatment strategies (PRN vs scheduled) showed similar effectiveness. However, additional unscheduled doses to recover control of recurrent local swelling were administered to one half of patients in the PRN group, while no patient in the scheduled group required unplanned doses. This increased the actual total dose administered to the PRN group and caused the 2 groups to receive similar total amounts of antivenom, despite the fact that the dosing regimen for the scheduled group required a minimum dose of 12 to 18 vials while the PRN group required only 6 to 12 vials. This result indicates that repeated doses of Fab AV will likely be needed to provide adequate clinical treatment of envenomation.
The effect of Fab antivenom was most noticeable in the components of the severity score involving the coagulation system, central nervous system, gastrointestinal tract, and cardiovascular system. Each of these measures decreased during the initial infusion of Fab AV and continued to decrease throughout the evaluation period. Thus, venom-induced dysfunction in these areas appears to be a dynamic process that can be terminated and reversed by antivenom. In contrast, the local injury component of the score did not improve. This observation may be explained by the fact that ecchymosis and edema formation involve hemorrhage, cell swelling, and cell death, processes that are less reversible or only slowly reversible. 12 It is important that the snakebite severity score did not worsen. Because we did not include an untreated control group, it is impossible to assert that the severity scores of these patients would have worsened. However, an increase in the score would be the expected course for patients who met the inclusion criteria for this study.
This study alters understanding of crotaline snakebite in other ways as well. As noted above, local manifestations recurred in 8 of 16 patients. While this was easily managed by the administration of additional Fab AV, this phenomenon has not been described previously. A related finding is much more striking. In addition to recurrence of local effects, return of coagulation abnormalities was noted in many patients who exhibited a coagulopathy at presentation. Although the information has not entered the mainstream medical literature, anecdotal evidence of this phenomenon has been reported sporadically for nearly 20 years. 13 A retrospective analysis of a large database of crotaline snake envenomations indicates that the phenomenon also occurs after the use of the currently available antivenom, antivenin (Crotalidae) polyvalent. 14 The pathophysiology underlying either local or coagulopathy recurrence is unknown. However, there are at least 4 potential explanations. First, the snake may have injected sufficient venom to overwhelm the neutralization capacity of the antivenom. A related concept involves the half-life of the antivenom; the elimination halflife of ovine Fab is relatively short for an antibody, 12 to 30 hours. [15] [16] [17] Perhaps all venom in the blood was neutralized initially, but continued to be absorbed from the bite site. Unbound Fab AV would be eliminated renally. As the antivenom was eliminated, the point would be reached where further venom absorbed from the bite site could not be neutralized by the unbound Fab AV remaining in the blood. Renewed venom effect could then occur.
Second, it is possible that the venom-Fab AV complex dissociated, allowing the venom injury to redevelop. The antigen-antibody complex in snake venom poisoning may be predisposed to this phenomenon. Many of the venom components have molecular weights of 20000 to 150000 daltons. When bound to a Fab with a molecular weight of 50000 daltons, the complex would be too large for renal excretion, and persistence in the circulation would be expected. A similar phenomenon of recurrence has been documented with digoxin immune Fab, where recurrence of free (unbound) digoxin levels has been documented as early as 12 to 24 hours after administration. 18 Because of the high affinity of digoxin immune Fab for digoxin, however, it has been concluded that the cause is much more likely to be redistribution of digoxin. 18 Third, the composition of venom components absorbed from the bite site may change over time. Since crotaline snake venom has dozens of components, perhaps those that are absorbed later differ from components absorbed earlier and are not bound as well by antivenom. The components with delayed absorption might then produce effects that could not be terminated by antivenom administration. This explanation seems unlikely because the recurrent coagulopathy caused the same abnormalities as the original coagulopathy and was successfully treated with additional doses of antivenom in most of the patients with recurrence.
Fourth, human antisheep antibodies may have developed. If the patient rapidly produced antibodies against the ovine Fab, these antibodies might have interfered with the binding of Fab to venom components. This is not likely because recurrence occurred within hours to days, and this type of response requires 7 to 19 days to develop. 19 We believe the most likely explanation is that venom continues to be absorbed from the bite site for days after injection. Animal and clinical data support this conclusion. 17, 20, 21 The recurrence of venom effect, therefore, should be responsive to further antivenom administration. This was the case in all patients with local recurrence and nearly all patients with coagulopathy recurrence.
Finally, the reconstitution profile for the new antivenom may be clinically important. The antivenom currently available, antivenin (Crotalidae) polyvalent, requires at least 30 to 60 minutes to enter solution. This can become a serious clinical problem when swelling occurs in critical areas such as the airway or the patient manifests systemic effects such as hypotension. An antivenom that could be administered within 15 to 30 minutes would be desirable under these conditions.
The administration of Crotalinae polyvalent immune Fab (ovine) was consistently associated with prompt improvement in the patient's condition. Antivenom dosage was contingent on an individual patient's response. On the basis of our data, the recommended initial dose is 6 vials, with further 6-vial doses until initial control of the envenomation syndrome has been achieved. After initial control has been established, additional 2-vial doses every 6 hours for 3 doses may be needed. Additional 2-vial doses may be needed on the basis of close follow-up for late recurrences of coagulopathy, especially if these effects were present during hospitalization.
